Context: Two sets of findings predict smaller cerebral cortical gray matter volume in adult posttraumatic stress disorder (PTSD). Measures of intracranial tissue volume and cerebral tissue volume have been observed to be smaller in adolescents with maltreatment-related PTSD. Second, lower intelligence, a risk factor for PTSD, is associated with smaller cerebral tissue volumes. Nevertheless, to our knowledge, only 1 study has observed globally smaller cerebral tissue volume in adults with PTSD.
A D U L T P O S T T R A U M A T I C
stress disorder (PTSD) has been associated with smaller hippocampal and anterior cingulate cortical (ACC) volumes, [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] but to our knowledge, only 1 study has found smaller total brain volume. 12 In contrast, 3 studies in children and adolescents with PTSD have found smaller intracranial (grayϩwhiteϩ cerebrospinal fluid) volume 13, 14 or smaller cerebral tissue (grayϩ white) volume. 15, 16 No explanation has been advanced for this discontinuity between children and adults. Analogous relationships between cerebral volumes and developmental adversity appear common to children and adults. In maltreated children, De Bellis et al 13, 14 twice found a direct linear relationship between intracranial volume and age at abuse onset. In adults with PTSD, Woodward et al 17 found a similar relationship between a bonebased measure of cranial volume and age at first trauma, while Fennema-Notestine et al 18 found an inverse relationship between intracranial volume and scores on the Childhood Trauma Questionnaire. However, neither of these studies found a main effect of PTSD on a measure of intracranial or cerebral tissue volume. The absence of such an effect in adult PTSD is also surprising in light of associations between PTSD and IQ [19] [20] [21] [22] [23] [24] and between IQ and cerebral tissue volume. [25] [26] [27] [28] [29] There are challenges associated with comparing cerebral tissue volumes over groups. While studies of hippocampal volume routinely adjust for variation in body size by using a cerebral macrovolume as a covariate, this is not possible when that macrovolume is, itself, the focus of inquiry. Second, numerous studies have reported that diagnoses frequently comorbid with PTSD, such as alcoholism, are themselves associated with smaller cerebral tissue volumes. [30] [31] [32] Controlling such effects requires enlarged samples. A further obstacle to settling this issue may be inherent in the phenomenon itself. Bossini et al 33 found, in a relatively large sample of adult civilian trauma survivors meeting criteria for PTSD and free of comorbid psychopathology, that while whole-brain gray matter volume was smaller in PTSD, whole-brain white matter volume was larger. If this is the case, studies of unsegmented cortical tissue volumes in adult PTSD may be expected to produce ambiguous results.
Taking advantage of recent advances in the structural analysis of magnetic resonance images, this study revisited the status of cerebral cortical tissue volume in the same sample of 99 Vietnam and Gulf war veterans our group reported on previously. 6, 10, 17 These methodological advances enabled fully automated extraction of the 2-dimensional cortical sheet and estimation of its thickness, area, and volume. [34] [35] [36] A key innovation of this approach is its use of a priori knowledge of the geometry of the gray matterwhite matter boundary, which is approximately planar over short distances. The validity of thickness estimates has been supported by comparisons with postmortem tissue. 37 The thickness estimates have also replicated well-known global and local effects of normal aging on the cerebral cortex. 38 Importantly, this method is relatively robust to variation in magnetic resonance manufacturer and software revision, 39, 40 an attractive feature in a study such as this that aggregates samples across sites.
In this study, we relied on the method of Dale et al 35 and Fischl et al 36 embodied in the FreeSurfer software package (version 4.0.1; Martinos Center for Biomedical Imaging, Massachusetts General Hospital, Boston). A second component of the approach of Dale et al 35 and Fischl et al 36 incorporated in FreeSurfer is the use of multiresolution deformations to construct "inflated" or spherical transformations of the cortex that expose sulci. After reprojection, cross-subject registration can proceed by reference to cortical landmarks, such as fully exposed sulci, 41, 42 enabling the construction of more precise group average cortices than are obtainable with 3-dimensional methods. 41 The precision of this coregistration is also carried over into any atlas-based parcellation. The analysis of cortical structure by parcels established a priori is attractive because it enables conventional methods of type I error control. 43, 44 This study used the "gyrographic" parcellation of Desikan et al. 45 Parcelwise analyses were followed by an exploratory whole-brain vertex-wise analysis of cortical thickness to mitigate the limited ability of parcelwise analysis to detect group differences not spatially correspondent to predefined regions. Lastly, using FreeSurfer-derived parameters, we tested the proposition that cortical structure mediates relations between 2 Wechsler Adult Intelligence Scale (WAIS) 46 subtest scores and PTSD severity.
METHOD

SUBJECTS
The sample for this study included 97 of 99 participants reported on in 3 previous articles describing regional brain volumes in adult combat-related PTSD. 6, 10, 17 Two participants were excluded because the cortical modeling algorithm failed to converge owing to artifact. Fifty participants with PTSD (37 Vietnam and 13 Gulf war veterans) met criteria for current PTSD as a result of experiencing 1 or more military traumas. Fortyseven subjects without PTSD (24 Vietnam and 23 Gulf war veterans) were free of diagnosable PTSD, current or lifetime. The PTSD diagnoses and severities were based on the ClinicianAdministered PTSD Scale 47 and remaining diagnoses, on the Structured Clinical Interview for DSM-IV. 48 Approximately onehalf of participants were classified as having lifetime (but not current) alcohol abuse/dependence. Also administered were the Combat Exposure Scale, 49 the Beck Depression Inventory, 50 and the vocabulary and digit symbol substitution subtests of the WAIS ( Table 1) .
Psychotropic medications were not discontinued. Seventy percent of the participants with PTSD were taking some form of psychotropic medication vs 10.6% of participants without PTSD. Fifty-six percent of participants with PTSD were taking selective serotonin reuptake inhibitors vs 4 percent of participants without PTSD. Twenty-four percent of participants with PTSD were taking anticonvulsant/mood-stabilizing medications, while no participants without PTSD were taking a medication of this class.
Participants provided written informed consent in accordance with procedures of the institutional review boards of Stanford University Medical School/VA Palo Alto Health Care System or Boston VA Medical Center and the McLean Hospital.
IMAGE ACQUISITION AND PROCESSING
Magnetic resonance images of subjects' brains were acquired with 1 of two 1.5-T GE Signa systems (GE Healthcare, Milwaukee, Wisconsin) located at the Diagnostic Radiology Center of VA Palo Alto Health Care System or the Brain Imaging Center of McLean Hospital (Belmont, Massachusetts). Coronal images were acquired with a 3-dimensional spoiled gradient recalled volumetric pulse sequence with the following parameters: repetition time = 35 milliseconds, echo time = 6 milliseconds, flip angle=45°, number of excitations=1, matrix size=256ϫ192, field of view=24 cm 2 , slice thickness=1.5 to 1.7 mm, and slices=124.
Only brief summaries of the methods incorporated in FreeSurfer follow. Detailed descriptions may be found in the developers' original articles. 35, 36, 51 Image preprocessing included resampling into cubic voxels, correction of inhomogeneity artifact, and skull stripping. Constrained region growing was used to create a unitary white matter volume for each hemisphere. The surfaces of the white matter volumes were overlain with tessellations constructed by assigning 2 triangles to the square face of each surface voxel, yielding approximately 160 000 vertices per hemisphere. FreeSurfer optimized this tessellation by minimizing an energy function of intensity and both normal and tangential smoothness. 35, 36 The pial surfaces of each hemisphere were computed by deforming the white matter surfaces toward the gray matter-cerebrospinal fluid boundary. Cortical thickness was computed as the distance between the inner and the outer cortical surfaces at each vertex. 51 In FreeSurfer, cross-subject registration of hemispheric cortical surfaces was performed by projecting them onto spherical representations that minimized an energy function of concavity and cartographic distortion. This step is anchored to large-scale features of the cortex such as the central sulcus and sylvian fissure, 36, 41 which are also used to anchor the alignment of individual subjects' hemispheric surface models with an iteratively calculated study-specific average cortex. 41 Following alignment, participants' cortical thickness values were resampled into a common spherical coordinate system and smoothed using a gaussian kernel with full-width at half maximum of 10 mm.
The Desikan et al 45 parcellation used to delineate cortical regions was based on a diverse training sample of 40 brains. These brains were first parcellated manually by a neuroanatomist using FreeSurfer-derived cortical surface representations with final sulcal delineations performed on "inflated" projections allowing full visualization of sulci. The probability of a cortical location falling into a specific cortical region was modeled by an anisotropic, nonstationary Markov random field incorporating global and local structural information and interregional constraints. A computational procedure determining the parcellation pattern with the highest probability given all priors ran iteratively until a stabile pattern emerged. Additional details regarding the mathematic underpinnings and extensibility of this approach can be found in Fischl et al. 44 These automated procedures required approximately 24 hours of computation per brain on a 2ϫ3-GHz quad-core Macintosh workstation. After processing, both lateral and medial surfaces of each parcellated cortical hemisphere were manually reviewed for gross artifacts. None were found.
To provide a brain tissue-based index that could be used to adjust for nuisance variance in body size, we imported estimates of cerebral white matter volume obtained from the same magnetic resonance image set using BrainImage and the protocols of the Stanford Psychiatric Neuroimaging Program (BrainImage 5.x; A. L. Reiss, Stanford University, Stanford, California). These estimates were independently derived and based on a nonoverlapping set of manual and automated procedures. 6 ,52
STATISTICAL PROCEDURES
To provide robust protection against type I error, the parcellated data were reduced in dimensionality to satisfy to the assumption of multivariate analysis of variance that the number of within-subjects factors be fewer than the number of cases in the smallest cell. 53 Three strategies were used. Whereas prior analyses of these data used cohort (Vietnam vs Gulf war) as a factor, in this study we covaried for age. Second, homologous parcel volumes were summed across hemispheres. Third, 15 parcels were collated into a single superparcel. In the Desikan nomenclature, the constituents of this superparcel were as follows: lateral occipital cortex, inferior parietal cortex, superior parietal cortex, inferior temporal gyrus, middle temporal gyrus, banks of the superior temporal sulcus, supramarginal gyrus, postcentral gyrus, precentral gyrus, fusiform gyrus, lingual gyrus, pericalcarine cortex, cuneus cortex, precuneus cortex, and paracentral lobule. In addition, the transverse temporal cortex was merged with the surrounding superior temporal gyrus. This approach retains detailed parcellation of all cortex anterior to the motor strip and most limbic cortical regions, domains that have received the lion's share of empirical support for structural and functional cerebrocortical compromise in PTSD. In the context of a significant multivariate effect, between-subjects effects of PTSD at individual parcels were required to meet a Bonferroni-adjusted criterion of ␣Ͻ.0028 (0.05/18). 53 Additional planned comparisons were performed on parcels corresponding to regions that have demonstrated structural and/or functional compromise in PTSD, the ACC, 7, 10, [54] [55] [56] [57] [58] [59] and the superior temporal gyrus. 60 47) . All effects were in the direction of smaller cortical volumes in subjects with PTSD ( Figure 1 and Figure 2 ) and ( 
VERTEX-WISE ANALYSES OF CORTICAL THICKNESS
Though the analysis of a priori parcels permitted a conventional approach to type I error control, type II-like errors may have resulted when regional differences between groups did not correspond closely to parcels because of spatial restriction, spanning parcel boundaries, or both. Figure 3 presents cortical thickness difference maps contrasting participants with and without PTSD (at PϽ.01 uncorrected). Foci of cortical thinning were apparent within the boundaries of the parahippocampal and lateral orbital frontal parcels and dorsal anterior cingulate, bilaterally, within the superior temporal gyrus on the left and within the pars orbitalis of the inferior frontal gyrus on the right. These locations were generally correspondent with the parcelwise effects on volume and thickness. It is also apparent, however, that the superparcel spanned multiple regions of thinning in the parietal cortex on the right and in the lateral occipital/posterior temporal cortex bilaterally. As well, parcels containing foci of apparent thinning in the left lateral frontal cortex were summed with homologous parcels in the right hemisphere absent thinning. 
MEDIATION ANALYSES
In light of data relating intelligence to both PTSD and brain volume, we examined whether parameters extracted with FreeSurfer were compatible with the possibility that cortical structure mediates relations between intelligence and PTSD severity. 10) . Noting that the correlation between mean cortical thickness (weighted by parcel area) and total cortical area was mildly negative in this sample (r 95 =−0.21; P=.04), we reconsidered these parameters separately. Examination of correlations between these predictors and proposed mediators disclosed that cortical thickness correlated with digit symbol substitution score (r=0.276; P=.006), but not vocabulary score (r=−0.008; P=. 94 Abbreviation: PTSD, posttraumatic stress disorder. a Least squares means of cortical thickness by parcel in PTSD and no PTSD groups, controlling for lifetime (but not current) alcohol abuse/dependence and age. Nomenclature corresponds to Desikan et al. 45 b Modified parcel. c Occipital-parietal-temporal superparcel value is the mean of thicknesses of the lateral occipital cortex, inferior parietal cortex, superior parietal cortex, inferior temporal gyrus, middle temporal gyrus, banks of the superior temporal sulcus, supramarginal gyrus, postcentral gyrus, precentral gyrus, fusiform gyrus, lingual gyrus, pericalcarine cortex, cuneus cortex, precuneus cortex, and paracentral lobule, bilaterally, weighted by bilateral parcel areas. ticipants with PTSD was also significantly thinner, the estimated difference of 0.041 mm being similar to that found in a comparison of subjects with animal phobia with controls. 63 Total cortical area was also smaller in the subjects with PTSD after adjustment for stature and cerebral white matter volume. These results are in general agreement with studies of adolescents with PTSD that have found smaller macrostructural brain volumes compared with matched controls. [13] [14] [15] Their divergence from our prior findings of a trend only in favor of smaller cerebral tissue volume in PTSD 6, 10 is likely related to the current focus on cortical gray matter exclusively. A similar argument might apply to the absence of effects of comorbid alcoholism when PTSD and age were controlled. The finding of a smaller cortex is also broadly compatible with studies implicating lower intelligence as a risk factor for PTSD; however, the parameters and psychometrics assessed herein did not support the proposition that cortical structure mediates the relationship between intelligence and PTSD as part of a causative scenario.
This study found evidence that the association of PTSD with smaller cortical volume is not uniform across the brain. Especially strong effects of PTSD were observed at the parahippocampal gyrus, superior temporal cortex, pars orbitalis of the inferior frontal gyrus, and adjacent orbital frontal cortex. This pattern is an intriguing one. The parahippocampal gyrus is juxtaposed to the hippocampus, the region of the brain first identified as abnormal in adult PTSD. 1 In humans, functional imaging studies have linked the parahippocampal gyrus to the representation of space, 64 a role it may have taken over from the hippocampus, in which "place" cells were first identified in rodents. 64 Recent results suggest that in humans the hippocampus and parahippocampal gyrus collaborate in encoding the interrelations of salient objects within space 65 and in contextualization more generally. 66, 67 Misperception of safe vs threatening contexts has been proposed to contribute to PTSD. [68] [69] [70] [71] Relevant rodent models have also invoked the concept of context as represented in the hippocampus proper. [72] [73] [74] These observations may be translatable into concrete predictions regarding the performance of persons with PTSD on a set of cognitive tasks not previously used in this area. In a rich series of studies, Bar and Aminoff 75, 76 developed the proposition that the representation of context, that is, of regularities in object co-occurrence and location in the environment, contributes to facilitated visual object identification in a "top-down" fashion. Bar 77 also identified a second substrate for facilitated object identification in the ventrolateral and orbital frontal cortex, regions also observed herein to be smaller in subjects with PTSD. Bar et al 78 suggest this second substrate generates an "initial guess" as to object identity that is based on a low-spatial-frequency version of the stimulus transmitted rapidly to the ventrolateral orbitofrontal cortex over the dorsal visual pathway. These "guesses" are then projected back to the inferotemporal cortex where they converge with "bottom-up" information resulting in facilitated identification. These 2 mechanisms appear to cooperate, 67, 79 and the parahippocampal gyrus and orbital frontal cortex are known to be heavily interconnected. [80] [81] [82] [83] In summary, the current results are suggestive of structural compromise in PTSD of multiple components-hippocampal, parahippocampal, and orbital frontal-of a distributed system subserving facilitated object identification. Behavioral tasks assessing facilitated object identification may therefore be sensitive to PTSD. The cognitive psychology literature contains a number of tasks, such as the primed object/nonobject discrimination of Gronau et al, 79 that may be used in testing this hypothesis. [84] [85] [86] Superior temporal cortical volume was also found to be smaller in participants with PTSD in this study. Tests of associations between PTSD and cortical structure in this region were planned a priori because De Bellis et al 60, 87 reported larger cortical volumes in this region in adolescents with maltreatment-related PTSD. These 2 results are not necessarily incompatible, as the cortex exhibits both linear and quadratic trends during maturation such that a specific region could be initially larger and ultimately smaller than normal in a group undergoing atypical development. 88 Moreover, the superior temporal parcel overlaps temporal cortical regions that have exhibited inverse correlations between IQ and cortical thickness during childhood. 88 It is especially relevant, here, that the superior temporal cortex has also been implicated in top-down facilitation of stimulus identification, in this case, of words. Lexical decision, the discrimination of words from nonwords, a verbal analog of the Gronau et al task, is facilitated on trials preceded by primes semantically related to the words. Both functional magnetic resonance imaging and electroencephalographic studies have implicated the superior temporal cortex, especially in the left hemisphere, in such effects. 89, 90 The obverse of semantic priming, what might be termed semantic interference, has been repeatedly demonstrated in PTSD in studies using the emotional Stroop task. 91 These studies have found evidence that, in participants with PTSD, trauma-related semantic content interferes with the performance of a cover task. Vythilingam et al 92 recently extended this literature by demonstrating that exaggerated Stroop interference is accompanied, in PTSD, by facilitated lexical decisions when prime and test words share negative or trauma-relevant content. How might we rationalize the co-occurrence of facilitated semantic priming of trauma-related content in PTSD despite structural compromise of a brain region subserving this function? One possibility is that structural compromise results in reduced plasticity impeding the recovery of nontrauma-related semantic contextualizations. By analogy, structural/functional compromise of the hippocampus, parahippocampal gyrus, and ventrolateral orbital frontal cortex could impede the recovery of pretrauma function of top-down mechanisms facilitating object identification. One result would be the persistence of traumaconditioned top-down influences on the identification of objects and words in non-trauma-related settings, a phenomenologically and clinically salient feature of PTSD.
A limitation of a priori parcellation is its insensitivity to regional findings not corresponding to parcel boundaries. Herein, an exploratory vertex-wise analysis disclosed "missed" foci of cortical thinning in the left frontal, right parietal, and bilateral occipital/posterior temporal cortex. These regions may deserve future consideration. A second limitation of a priori parcellation is that (REPRINTED) ARCH GEN PSYCHIATRY/ VOL 66 (NO. 12), DEC 2009different regions of the cortex are characterized by more or less consistent landmarks. The sulcal determinants of ACC are notably variable 93, 94 and may represent a special challenge to automated parcellation. Our inspection of ACC parcels confirmed such variability, especially in anterior-posterior extents. The coefficients of variation of the areas of the right and left rostral ACC were the highest and third highest in their respective hemispheres. The absence of larger effects of PTSD at parcels corresponding to ACC should be considered in this light. Another important limitation of this study is the fact that the PTSD and non-PTSD groups differed in their rates of psychotropic medication use. Studies have not yet addressed the effects of the medications (principally selective serotonin reuptake inhibitors) administered to these participants with PTSD on cortical structure. In schizophrenia, results of 3 studies of the effects of antipsychotic use on cortical thickness have been negative 95 ; however, some earlier studies quantifying volume have found reductions attributable to drug use. 
